Introduction
============

Selenium is often regarded as a toxic metalloid, but it is also an essential bioinorganic dietary micronutrient.[@cit1]--[@cit3] For example, geographic regions with selenium-deficient soil display unusually high occurrences of conditions including Keshan and Kashin-Beck diseases in the population, which are both tied to a dietary scarcity of selenium.[@cit4],[@cit5] Dietary sources of selenium are typically selenomethionine (SeMet) and selenate salts (SeO~4~^2--^), which must pass through complex metabolic pathways prior to incorporation into selenium-containing biomolecules.[@cit6] In the body, selenium exerts function primarily as selenocysteine, often referred to as the 21st amino acid, which is incorporated into and gives rise to the often unique reactivity of selenoproteins.[@cit7]

Twenty-five selenoproteins have been identified in humans and fall into several main categories. These categories include glutathione peroxidases (Gpx), which scavenge harmful peroxide species, thioredoxin reductases (TrxR), which regulate thiol-disulfide redox homeostasis, iodothyronine deiodinases (DIOs), which regulate thyroid hormone equilibria, and specialized selenoproteins that exhibit alternative functions, such as protein folding and selenium transport.[@cit3] Selenium-deficient environments often result in the preferential expression of these proteins, whereas selenium-rich environments result in the upregulation of selenium excretion pathways to mitigate selenium toxicity.[@cit8] Many of these pathways are hypothesized to proceed through the intermediate formation of hydrogen selenide (H~2~Se/HSe^--^), which is an important yet elusive small biomolecule of interest ([Fig. 1](#fig1){ref-type="fig"}).[@cit9]

![Schematic representation of metabolic pathways of dietary selenium compounds including various reactive selenium species. Selenate (SeO~4~^2--^), selenite (SeO~3~^2--^), selenophosphate (H~2~SePO~3~^--^), selenocysteine (Sec), selenomethionine (SeMet), methylselenocysteine (MeSec), thioredoxin (Trx), thioredoxin reductase (TrxR), glutaredoxin (Grx), glutathione reductase (GR), glutathione (GSH), diglutathione (GSSG), selenodiglutathione (GSSeSG), glutathioselenol (GSSeH), selenophosphate synthetase (SPS), selenocysteine lyase (SCLY), *S*-adenosylmethionine (SAM), transsulfuration pathway (TSP), elemental selenium (Se^0^), and reactive oxygen species (ROS).](c9sc04616j-f1){#fig1}

A common approach to increase the bioavailability of selenium is to use exogenous synthetic selenium-containing small molecules. For example, the organoselenium compound ebselen mimics the behavior of glutathione peroxidase and exhibits cytoprotective, anti-inflammatory, and antioxidant effects.[@cit10],[@cit11] Similarly, the glutathione-mediated reduction of selenite (SeO~3~^2--^) to elemental selenium is thought to proceed through a selenodiglutathione (GS-Se-SG) intermediate en-route to a selenopersulfide (GS-SeH), which subsequently either decomposes to GSH and Se^0^ or is converted to H~2~Se through both enzymatic and non-enzymatic pathways.[@cit12],[@cit13] More recently, the hydrolysis of phthalic selenoanhydride was used to generate reactive selenium species (RSeS) to examine the differential synergies of these compounds with H~2~S and GSH in radical scavenging.[@cit14] In this investigation, H~2~Se release was proposed during hydrolysis but was not observed directly in the experiments.

Interest in developing chemical tools for investigating H~2~Se and related RSeS has grown in the last few years, with new investigations into the molecular recognition of HSe^--^ in synthetic host-guest systems[@cit15] and with the advent of first-generation fluorescent probes for H~2~Se detection.[@cit16],[@cit17] In part, these investigations are motivated by potential roles of selenides in treating conditions ranging from arsenic poisoning, in which toxic arsenic species can react with H~2~Se to form readily-excreted products,[@cit18],[@cit19] to cancer, in which H~2~Se can induce oxidative stress under normoxic conditions or reductive stress under hypoxic conditions in HepG2 cells, resulting in HMGB1 protein damage and ultimately apoptosis.[@cit20] At physiological pH, almost all H~2~Se exists as HSe^--^ due to the acidity of the diprotic form of H~2~Se (p*K*~a~ = 3.9). The high redox activity and high nucleophilicity of H~2~Se/HSe^--^, when coupled with the relatively low biological selenium content (∼0.2 mg kg^--1^ in humans), make investigations into the biological roles of H~2~Se difficult.[@cit21],[@cit22] Building from these past results and increased interest in biorelevant small RSeS, we viewed that well-characterized, synthetic small molecules that release H~2~Se directly and under controlled conditions would provide a much-needed chemical tool for expanding research related to the chemical biology of selenium. Here we report the development and characterization of a hydrolysis-based small-molecule H~2~Se donor and provide insights into the reaction mechanism and methods for direct H~2~Se trapping.

Results and discussion
======================

Drawing parallels to biological organosulfur chemistry, the last fifteen years have witnessed a surge in research related to hydrogen sulfide (H~2~S/HS^--^) as an important reactive sulfur species and gasotransmitter.[@cit23] Substantial efforts have focused on the development of small-molecule H~2~S donors for delivery to biological environments.[@cit24]--[@cit26] Although the structure and complexity of such systems have evolved significantly, an early and broadly-used example of such donors is the hydrolysis-activated donor GYY4137, which relies on the hydrolytic cleavage of P0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000S bonds to generate H~2~S.[@cit27] GYY4137 has been used in \>200 publications to date (Web of Science) and exhibits anti-inflammatory, vasorelaxant, and anti-cancer as well as other effects in different biological models[@cit27]--[@cit29] with diverse applications ranging from medicinal to agricultural science.[@cit30],[@cit31] Motivated by the broad utility of this approach to access H~2~S donor motifs, we sought to use similar chemistry to generate well-defined H~2~Se donors that are activated by P0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000Se bond hydrolysis. To prepare such a donor, we treated Woollins\' reagent with an excess of morpholine, drawing parallels to the synthesis of GYY4137, to generate TDN1042 in moderate yield ([Fig. 2a](#fig2){ref-type="fig"}). The resultant product was characterized by ^1^H, ^13^C{^1^H}, ^31^P, and ^77^Se NMR spectroscopy (Fig. S1--S4[†](#fn1){ref-type="fn"}). Single crystals suitable for X-ray diffraction were grown by layering hexane onto a solution of TDN1042 in CH~2~Cl~2~, which confirmed the molecular structure ([Fig. 2b](#fig2){ref-type="fig"}).

![(a) Synthesis of TDN1042 from Woollins\' reagent. (b) ORTEP diagram (50% ellipsoids) of TDN1042. Hydrogen atoms, except those on the morpholinium nitrogen, are omitted for clarity.](c9sc04616j-f2){#fig2}

With TDN1042 in hand, we next evaluated its reaction chemistry by NMR spectroscopy. Initial studies using ^31^P NMR spectroscopy in wet DMSO-*d*^6^ revealed the clean conversion of TDN1042 to phenylphosphonic acid (PPA) as expected ([Fig. 3a](#fig3){ref-type="fig"}). We next monitored the hydrolysis in buffered aqueous solutions using quantitative ^31^P NMR spectroscopy with triethylphosphate (TEP) as an internal integration standard. In these experiments, we also observed clean conversion of TDN1042 (*δ*(^31^P) = 61 ppm) to the expected PPA hydrolysis product (*δ*(^31^P) = 12 ppm). To determine the effect of pH on this reaction, we measured the rate of hydrolysis of TDN1042 (10 mM) in citrate buffer (50 mM) ranging from pH 3.0 to pH 6.0 in flame-sealed NMR tubes at ambient temperature ([Fig. 3b](#fig3){ref-type="fig"}). The resulting hydrolysis data ([Fig. 3c](#fig3){ref-type="fig"}) revealed an increase in rate at more acidic pH values, which is consistent with the expected hydrolysis mechanism. A similar pH dependence was observed for GYY4137 in a previous report,[@cit27] although the experimental conditions and methods used to monitor rates and product conversions are too dissimilar to those used here for TDN1042 to make direct quantitative comparisons. This similarity in pH dependences does, however, suggest that TDN1042 could find utility in biological contexts much like GYY4137.

![(a) Proposed hydrolysis mechanism of TDN1042 resulting in H~2~Se release. (b) ^31^P NMR spectra during the hydrolysis of TDN1042 showing the consumption of TDN1042 (61 ppm) and generation of PPA (12 ppm). (c) pH dependence of TDN1042 during the hydrolysis experiments. (d) pH dependence of PPA formation during the hydrolysis experiments. General conditions: 10 mM TDN1042 in 50 mM citrate buffer ranging from pH 3.0 to pH 6.0 at room temperature.](c9sc04616j-f3){#fig3}

Having established that the hydrolysis of TDN1042 results in PPA formation, we next sought to confirm H~2~Se release directly. To monitor H~2~Se release, our goal was to trap H~2~Se directly rather than use fluorogenic probes in case a reactive intermediate en-route to H~2~Se release resulted in the activation of such systems. To accomplish this labeling, we used benzyl bromide (BnBr) as an electrophilic trapping agent and monitored the reaction by ^31^P and ^77^Se NMR spectroscopy ([Fig. 4a](#fig4){ref-type="fig"}). On the basis of the proposed release mechanism of H~2~Se from TDN1042, we expected that, akin to initial protonation, BnBr would initially alkylate the P0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000Se moiety, which would activate TDN1042 toward hydrolysis to release benzyl selenol (BnSeH) with subsequent alkylation by BnBr to generate dibenzyl selenide (Bn~2~Se). By monitoring the reaction by both ^31^P and ^77^Se NMR spectroscopy, we observed immediate formation of an intermediate (1) upon addition of BnBr and H~2~O to a solution of TDN1042 in DMSO-*d*^6^ ([Fig. 4b and c](#fig4){ref-type="fig"}). Intermediate 1 exhibited a singlet in the ^31^P spectrum (*δ* = 69 ppm) with two sets of selenium satellites with different coupling constants (*J*~P--Se~ = 786 Hz, *J*~P--Se~ = 401 Hz). This coupling pattern is consistent with inequivalent selenium environments in 1 and is in contrast to the single set of selenium satellites seen in TDN1042 (*δ*(^31^P) = 61 ppm, ^1^*J*~P--Se~ = 671 Hz). Furthermore, the ^77^Se NMR spectrum of 1 revealed both a doublet (*δ* = --129 ppm, ^1^*J*~P--Se~ = 786 Hz) and a doublet of triplets (*δ* = 354 ppm, ^1^*J*~P--Se~ = 401 Hz, ^2^*J*~Se--H~ = 11 Hz), which correspond to the P0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000Se and P--SeCH~2~Ph moieties, respectively ([Fig. 4e](#fig4){ref-type="fig"}). As the reaction proceeded, the intensity of the *δ* = --129 and 354 ppm peaks decreased, with concomitant formation of PPA (*δ*(^31^P) = 12 ppm) in the ^31^P NMR spectrum. The ^77^Se NMR spectrum revealed two Se-containing products, with a triplet at *δ*(^77^Se) = 394 ppm and a pentet at *δ*(^77^Se) = 330 ppm. The 330 ppm resonance corresponds to Bn~2~Se, in which the selenium signal is split by two sets of benzylic protons. The 394 ppm resonance corresponds to dibenzyl diselenide (Bn~2~Se~2~), which was confirmed by comparison with an authentic Bn~2~Se~2~ sample (Fig. S13[†](#fn1){ref-type="fn"}). Formation of the diselenide is likely due to the auto-oxidation of BnSeH, which as has been observed previously.[@cit32] Taken together, these alkylation experiments support the mechanism of H~2~Se release and provide mechanistic insights into the hydrolysis mechanism.

![(a) Proposed hydrolysis and trapping pathways. See Scheme S3[†](#fn1){ref-type="fn"} for a more detailed mechanism. (b) ^31^P NMR spectra during alkylation and hydrolysis. (c) ^77^Se NMR spectra during alkylation and hydrolysis. (d and e) Expanded regions of the ^31^P and ^77^Se NMR spectra highlight the observed coupling patterns.](c9sc04616j-f4){#fig4}

To definitively establish H~2~Se release, we next performed experiments in which the electrophilic trapping agent was separate from the donor. For this investigation, we used 2,4-dinitrofluorobenzene (FDNB) as an electrophilic labeling reagent to trap the H~2~Se released and volatilized into the headspace of the reaction apparatus.[@cit33],[@cit34] In these experiments, a vial containing an aqueous solution of TDN1042 was acidified with HCl and sparged with N~2~ to help volatilize any H~2~Se into the headspace, which was subsequently bubbled through a trapping solution containing a large excess of FDNB ([Fig. 5a](#fig5){ref-type="fig"}). A final solution containing AgNO~3~ was used to scavenge any unreacted H~2~Se. Using HPLC, we observed formation of both di(2,4-dinitrophenyl) selenide ((DNP)~2~Se) and the corresponding diselenide ((DNP)~2~Se~2~) in the trapping solution ([Fig. 5b](#fig5){ref-type="fig"} and S14[†](#fn1){ref-type="fn"}), which is consistent with directly trapping H~2~Se as well as the auto-oxidation process. The identity of the observed products was confirmed by comparison to authentic samples of (DNP)~2~Se and (DNP)~2~Se~2~ synthesized according to published procedures (Fig. S18[†](#fn1){ref-type="fn"}).[@cit35] Taken together, these results confirm that TDN1042 releases H~2~Se directly.

![(a) Experimental setup for volatilization and trapping of H~2~Se with FDNB. (b) General reaction pathways for (DNP)~2~Se and (DNP)~2~Se~2~ formation.](c9sc04616j-f5){#fig5}

Conclusions
===========

Here we report the development and characterization of the hydrolysis-based H~2~Se donor TDN1042. Using multinuclear NMR experiments, we monitored the reaction pathway for H~2~Se release and confirmed H~2~Se generation using different electrophilic trapping methods. We anticipate that this well-characterized H~2~Se donor will find utility in biological investigations into the roles of H~2~Se and related reactive selenium species in the future and will facilitate the development of chemical tools for further investigating H~2~Se in chemical biology.
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